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OutlineOutline

••MotivationMotivation

••Challenges and NeedsChallenges and Needs

••Monitoring ProtocolMonitoring Protocol

••Example ( Active and  passive  monitoring Example ( Active and  passive  monitoring 
using  using  microholesmicroholes))

••Summary and ConclusionsSummary and Conclusions
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Motivation for Successful  MonitoringMotivation for Successful  Monitoring
•• Successful carbon sequestration will be  a combination of  technSuccessful carbon sequestration will be  a combination of  technology, regulation ology, regulation 

and  and  public  acceptance.and  and  public  acceptance.

•• Energy demand will increase 60% by 2030 over 2000 levels (IEA, Energy demand will increase 60% by 2030 over 2000 levels (IEA, DOE,DOE,
ExxonMobilExxonMobil) ) 

•• Fossil energy  will remain the main (80%)  supply for energy forFossil energy  will remain the main (80%)  supply for energy for at least 30  and  at least 30  and  
possibly 50  yearspossibly 50  years

•• Bottom Line  to the public will be  a trade off of economic  risBottom Line  to the public will be  a trade off of economic  risks (leaving in  ground  ks (leaving in  ground  
versus atmosphere)versus atmosphere)

•• ““Fossil fuelsFossil fuels’’ increasing scarcity is not going to rein in emissions growth byincreasing scarcity is not going to rein in emissions growth by itself. itself. 
To the contrary, there will be a problem for climateTo the contrary, there will be a problem for climate--change policies if they induce change policies if they induce 
significant falls in fossilsignificant falls in fossil--fuel prices. fuel prices. That is one reason why carbon capture and That is one reason why carbon capture and 
storage technology is so importantstorage technology is so important””. (Stern Report 2007). (Stern Report 2007)

•• Mitigation must  start now,  and to  have  a significant impact Mitigation must  start now,  and to  have  a significant impact the  volumes the  volumes 
sequestered  must  be orders of  magnitude greater than  today.(sequestered  must  be orders of  magnitude greater than  today.(1 to 2  1 to 2  
GtonsGtons/year)/year)

•• In the near  term  the only  option that has  the infrastructurIn the near  term  the only  option that has  the infrastructure  to sequester large  e  to sequester large  
volumes is  the oil and  gas  industry, i.e decades of  developmvolumes is  the oil and  gas  industry, i.e decades of  development.ent.

•• Ultimate  cost must include savings due  to avoidance of costs oUltimate  cost must include savings due  to avoidance of costs of Climate change.f Climate change.
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Technical Challenges In Fluid Imaging Technical Challenges In Fluid Imaging 
and  Manipulationand  Manipulation

fractures/anisotropyfractures/anisotropy

faultsfaults

heterogeneityheterogeneity

anisotropyanisotropy

ΔΔpressure/pressure/stressstress

unconsolidated  unconsolidated  
sediments, clays, sediments, clays, 
partial saturationpartial saturation

fluid/gas fluid/gas 
imaging and imaging and 
manipulationmanipulation
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Crosscutting Technical  Issues for Successful  Crosscutting Technical  Issues for Successful  
CO2  MonitoringCO2  Monitoring
•• Basic Need Basic Need 

–– Monitor  location and quantity of  CO2Monitor  location and quantity of  CO2
–– Monitor containment of CO2Monitor containment of CO2
–– Establish  and evaluate risksEstablish  and evaluate risks

•• Fundamental ObstaclesFundamental Obstacles
–– Lack of data on the the distribution of rock and fluid Lack of data on the the distribution of rock and fluid 

properties.properties.
•• Porosity, permeability,Porosity, permeability,lithologylithology and structureand structure
•• Liquid, gas, oil, water content and ratio, etc.Liquid, gas, oil, water content and ratio, etc.

–– Dynamic response of reservoir components as it is Dynamic response of reservoir components as it is 
producedproduced
•• State of StressState of Stress
•• Fluid redistribution and change of stateFluid redistribution and change of state
•• Fracture  creation/opening/closureFracture  creation/opening/closure

Must recognize that reservoirs are constantly changing Must recognize that reservoirs are constantly changing 
and we must have a means to identify and measure the and we must have a means to identify and measure the 
success of  fluid manipulationsuccess of  fluid manipulation
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StatusStatus
•• Seismic  methodsSeismic  methods

–– Active (fluid imaging)Active (fluid imaging)
–– Passive ( Passive ( Microearthquake Microearthquake monitoring)monitoring)

•• Non seismic Non seismic 
–– ElectricalElectrical
–– MagneticMagnetic
–– GravityGravity
–– Direct Detection ( gas  sampling)Direct Detection ( gas  sampling)
–– Remote sensingRemote sensing
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Basic Requirements of  MonitoringBasic Requirements of  Monitoring

•• Repeatability and stability of  measurementsRepeatability and stability of  measurements

•• MultiscaleMultiscale

•• Reliability over long time periodsReliability over long time periods

•• Accepted  history and experience in industryAccepted  history and experience in industry

•• Developed rockDeveloped rock--physics modelsphysics models

•• Ability to measure and separate rock and fluid Ability to measure and separate rock and fluid 
properties properties 
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A Basis for  a Monitoring ProtocolA Basis for  a Monitoring Protocol

•• TechnicalTechnical
–– Identify and understand factors controlling  Identify and understand factors controlling  

subsurface  dynamicssubsurface  dynamics
•• Community InteractionCommunity Interaction

–– Inform and interact  with  the community to Inform and interact  with  the community to 
understand their concerns and partner with understand their concerns and partner with 
them to achieve a  winthem to achieve a  win--win situation win situation 

Both are  linked  and overlappingBoth are  linked  and overlapping



99

Technical Considerations While PlanningTechnical Considerations While Planning

•• injection pressureinjection pressure
•• volume of injectionvolume of injection
•• rate of  injectionrate of  injection
•• temperature of fluidstemperature of fluids
•• chemistry of fluidchemistry of fluid
•• continuity of  injectioncontinuity of  injection
•• location and depth of injectionslocation and depth of injections
•• inin--situ stress magnitudes and  patternssitu stress magnitudes and  patterns
•• fracture/permeability of  rocksfracture/permeability of  rocks
•• historical historical seismicityseismicity
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Community  InteractionCommunity  Interaction

•• Independent thirdIndependent third--party evaluation covering party evaluation covering 
the following key items:the following key items:

–– Background Background seismicityseismicity and potential for large and potential for large 
earthquakesearthquakes

–– Likelihood of induced Likelihood of induced seismicityseismicity
–– Local geologic conditions that may amplify seismic Local geologic conditions that may amplify seismic 

shakingshaking
–– Construction quality of local buildingsConstruction quality of local buildings
–– Validity of proponentValidity of proponent’’s induced s induced seismicityseismicity

monitoring and mitigation plan. monitoring and mitigation plan. 
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•• Early and frequent communication with Early and frequent communication with 
neighboring communities to:neighboring communities to:

–– Inform them about project scope and the Inform them about project scope and the 
possibility of inducedpossibility of induced seismicityseismicity..

–– Overview of 3Overview of 3rdrd--party evaluation (above)party evaluation (above)
–– Induced Induced seismicityseismicity in the context of other in the context of other 

known and potential environmental impacts known and potential environmental impacts 
of the EGS projectof the EGS project

–– Offsetting benefits (clean source of energy, Offsetting benefits (clean source of energy, 
jobs, tax revenues, etc)jobs, tax revenues, etc)

–– If appropriate, the community acceptance If appropriate, the community acceptance 
program may include donations in support program may include donations in support 
of projects that benefit the community.of projects that benefit the community.
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ExamplesExamples

•• Deep imaging and characterization with  Deep imaging and characterization with  
microholemicrohole technology (EOR)technology (EOR)

•• Injection  monitoring with Injection  monitoring with microearthquakemicroearthquake
methods (Enhanced  Geothermal  Systems)methods (Enhanced  Geothermal  Systems)
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Microhole Technologies Specific Focus AreasMicrohole Technologies Specific Focus Areas

“Designer Seismic”
For New E&P Imaging Paradigms

• To allow a new wave of development drilling for mature fields 
based on drilling cost reductions approaching 50%

• Low environmental impact for improved sensitive area access
• New paradigms in “high-res”, long term seismic imaging to 

reduce risk

Access: Highly Efficient Rigs
For Mature Field Development
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Wickett Field

CO2 Start-Up Area (Phase 1),
Section 19 of GWO Lease
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Micro-well Locations (   ), Final

#1
#2

#3
#4 #5

#6

Footage Calls
Micro-Well FFEL, ft FFNL, ft

MW_01 1320 990
MW_02 660 990
MW_03 1650 1320
MW_04 1320 1320
MW_05 990 1320
MW_06 660 1320
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Basis of Imaging Work ;Basis of Imaging Work ;
Establish Potential of Deep Characterization Using MicroholesEstablish Potential of Deep Characterization Using Microholes

Distance ( feet)

Targets

Potential  injection  layer

Leaky Fault

Microhole

Distance ( feet)

Targets

Potential  injection  layer

Leaky Fault

Targets

Potential  injection  layer

Leaky Fault

Microhole
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Final Final BasemapBasemap PlotPlot

� - Interpolated SP Locations
▾ - GPS Measured Well Locations
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Coverage at   Injection Depth (3000ft)Coverage at   Injection Depth (3000ft)
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Borehole Seismic Network For Injection  
Monitoring

3 accelerometers

+

2 geophones

were recording 
microseismic events 
during the stimulation

From  From  MicheletMichelet, 2005, 2005

Geophone holesGeophone holes
1: 3  depth ratio1: 3  depth ratio

Injection wellsInjection wells
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1993

1995

1996

2000

2003

The HistoryThe History

Upper Reservoir Upper Reservoir 

1987 1987 -- 19971997

Deep Reservoir Deep Reservoir 

1988 1988 -- 20032003

Able to  separate  individual  injection eventsAble to  separate  individual  injection events
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Need for a “Traffic Light” to Control Pumping

Based on pre-defined thresholds of both INTENSITY 
of induced ground movements and FREQUENCY of 
OCCURRENCE of any episodes of shaking.

•Red. The fracc is going out of bounds or seismicity is 
exceeding acceptable levels. STOP and reassess.

•Orange. The fracc is growing away from planned 
direction or level of seismicity is higher than expected. 
CAUTION – call duty seismologist and be prepared to 
stop pumping.

•Green. Fracc growth and levels of seismicity within 
planned bounds. GO – everything going according to 
plan, maintain regular progress reporting
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Observations to dateObservations to date
•• Active seismicActive seismic

–– Microhole Microhole VSP can look over 5 times  hole depthVSP can look over 5 times  hole depth
–– Resolution ( due to reduced signal to  noise) is  better than  Resolution ( due to reduced signal to  noise) is  better than  ““

conventionalconventional”” VSPVSP
–– Makes seismic surveys  faster and much cheaper Makes seismic surveys  faster and much cheaper 
–– Less Less ““invasiveinvasive”” on operations on operations 
–– Allows operator to  easily customize/change  surveys  for changiAllows operator to  easily customize/change  surveys  for changing ng 

reservoir  conditions and  varying reservoir conditions across  reservoir  conditions and  varying reservoir conditions across  any  any  
particular  field (particular  field (““Designer SeismicDesigner Seismic””))

•• Passive SeismicPassive Seismic
–– Critical information on fracture generation, fluid interactions Critical information on fracture generation, fluid interactions and and 

fluid paths can be obtained from  borehole seismic datafluid paths can be obtained from  borehole seismic data
–– Sensors do not need to be placed at reservoir levelSensors do not need to be placed at reservoir level
–– Sensors can be placed away from surface and in  sufficientSensors can be placed away from surface and in  sufficient azimuthalazimuthal

coverage to eliminate path effects and obtain data  for analysiscoverage to eliminate path effects and obtain data  for analysis of  of  
source mechanisms critical to understanding fracture generation source mechanisms critical to understanding fracture generation and and 
stress analysis. stress analysis. 
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Summary and  ConclusionsSummary and  Conclusions
•• Technology and  infrastructure are available to  Technology and  infrastructure are available to  

start sequestrationstart sequestration
•• There are  gaps in understanding the There are  gaps in understanding the 

cumulative effect of large  scale sequestrationcumulative effect of large  scale sequestration
•• Technology is  available to provide the data Technology is  available to provide the data 

and understanding to  address the gapsand understanding to  address the gaps
•• Successful large scale monitoring is  a Successful large scale monitoring is  a 

combination of technology and public  combination of technology and public  
acceptanceacceptance

•• Protocols  for  monitoring  must be  Protocols  for  monitoring  must be  
established that are based on sound and  established that are based on sound and  
accepted  methodsaccepted  methods


